After inoculation of a stationary-phase culture of Nitrosomonas europaea into fresh growth solution, the cell-associated orthophosphate increased rapidly to 800 ,umoles/g (wet weight), whereas the acid-insoluble long-chain polyphosphate content decreased rapidly to 22 ,umoles/g. As growth proceeded, the orthophosphate content decreased rapidly to a level of 15 ,umoles/g and the long-chain polyphosphate content gradually increased to 60 to 90 ,moles/g. When the pH of a culture of Nitrosomonas decreased during growth below approximately 7.4, the rate of nitrite and polyphosphate synthesis increased and the ratio of change in protein to change in nitrite decreased. When the pH of the culture was maintained above 7.6 throughout growth, polyphosphate accumulation, an increased rate of nitrite and polyphosphate synthesis, and a decreased ratio of change in protein to change in nitrite were not observed. Cells of Nitrosomonas apparently accumulated polyphosphate when adenosine triphosphate generated during the oxidation of ammonia to nitrite was not efficiently used to promote an increase in cell mass. The rapid hydrolysis of polyphosphate after the transfer of stationary-phase cells into fresh growth solution was found to be triggered primarily by the higher pH of the fresh growth solution. europaea (Schmidt strain) was grown in 15-liter batch cultures in a medium of 40 mm ammonia, 6 mm carbonate, and 100 mm phosphate (pH 8.0), as described previously (8). The inoculum was a 1-liter volume of stationary-phase culture in which the pH had decreased to 6.8 and the ammonia had been completely utilized during subculturing in a 2.8-liter Fernbach flask. The pH of the 15-liter culture was approximately 6.7 at the end of growth of the culture, at which time essentially all of the ammonia had been oxidized to nitrite. The phosphate concentration of the solution did not decrease significantly during growth of the culture.
The two chemical classes of polyphosphate which are found in nature (acid-soluble shortchain length and acid-insoluble long-chain length polyphosphate) appear to differ in function and extent of turnover during growth as summarized in a review by Harold (6) . Both types of polyphosphates are synthesized from adenosine triphosphate (ATP) by polyphosphate kinase (15) . In Saccharomyces cerevisiae, short-chain polyphosphate is present at a constant concentration throughout growth (14) and has a negligible turnover rate (13) . Under conditions of phosphate starvation, the short-chain polyphosphate of Saccharomyces is hydrolyzed only after the long-chain polyphosphate has been utilized (21) . In contrast to short-chain polyphosphate, longchain polyphosphate accumulates only in the late exponential phase of growth of Saccaromyces (14) and has a turnover rate approaching that of orthophosphate (13) . Long-chain polyphosphate has been shown to accumulate in Aerobacter aerogenes under conditions of sulfur starvation and to break down rapidly when growth is resumed with eventual transfer of phosphate to ribonucleic acids (7) .
In this paper we report that, when a stationaryphase culture of the chemoautotroph Nitrosomonas eutropaea was transferred to fresh medium, the cellular orthophosphate content rapidly increased to an unusually high value of 800 ,umoles/g (wet weight), whereas the acidinsoluble polyphosphate content rapidly de- creased to a low value. As active growth proceeded, the cellular inorganic orthophosphate content decreased, whereas the polyphosphate content increased to 60 to 90 Amoles/g. A series of experiments was carried out with liquid cultures to determine the factors influencing the steady-state content of polyphosphate. A relationship was established between cellular polyphosphate concentration, the pH and carbonate content of the growth solution, and the efficiency of growth (increase in protein per mole of nitrite synthesized).
MATERIALS AND METHODS
Growth of bacteria. Unless otherwise indicated, N. europaea (Schmidt strain) was grown in 15-liter batch cultures in a medium of 40 mm ammonia, 6 mm carbonate, and 100 mm phosphate (pH 8.0), as described previously (8) . The inoculum was a 1-liter volume of stationary-phase culture in which the pH had decreased to 6.8 and the ammonia had been completely utilized during subculturing in a 2.8-liter Fernbach flask. The pH of the 15-liter culture was approximately 6.7 at the end of growth of the culture, at which time essentially all of the ammonia had been oxidized to nitrite. The phosphate concentration of the solution did not decrease significantly during growth of the culture.
Cells were harvested from 15 liters of culture at various stages of growth by continuous-flow centrifugation for approximately 40 min at 35,000 X g in a Sorvall refrigerated centrifuge and washed twice at 0C by suspension in 0.85% NaCl solution and centrifugation for 10 min at 12,000 X g. This procedure did not cause loss of detectable amounts of cellular nucleotide or protein. In some instances, cells were stored at -10 C after the NaCl wash.
Extraction of phosphate compounds. The content of all phosphate compounds (expressed as micromoles of orthophosphate) was measured in phosphorus fractions which had been separated by perchloric acid (PCA) extraction by the method of Harold (4) .
Samples of cells of Nitrosomonas weighing approxi-
mately 200 mg were extracted twice for 5 min with 0.5 N PCA at 0 C, followed by centrifugation at 12,000 X g for 10 min to yield the cold PCA pellet and supernatant fractions. The total phosphate content of the cold PCA supernatant fraction was determined in portions of the supernatant fraction which had been ashed by heating in the presence of nitric acid. Acid-washed charcoal (Norit) was added next to the cold PCA supernatant fraction to adsorb nucleotides; the supernatant fraction was assayed for orthophosphate and this value is reported as cellular orthophosphate. Labile phosphate (presumed to be pyrophosphate and acid-soluble, short-chain polyphosphate) was hydrolyzed by adding an equal volume of 2 N HCI and boiling for 7 min (17) . The cellular content of labile phosphate was taken as the difference between the orthophosphate content subsequently determined in the HCI hydrolysate and the total phosphate content of the unhydrolyzed PCA supernatant fraction. The remaining phosphate in the PCA supernatant fraction (total minus the sum of orthophosphate and labile phosphate) was designated acid-soluble, acid-stable phosphate.
The cold PCA pellet was extracted twice for 15 min with 0.5 N PCA at 70 C and centrifuged at 12,000 X g for 10 min to yield the hot PCA supernatant fraction (presumed to be acid-insoluble polyphosphate and nucleic acids) and hot PCA residual pellet. The total phosphate content of the hot PCA supernatant fraction was then determined in a sample which was ashed in nitric acid. Nucleic acids were adsorbed onto charcoal from the hot PCA supernatant fraction, and samples of the supernatant fraction were hydrolyzed at 100 C in 1 N acid as above and analyzed for orthophosphate. This value was reported as acid-insoluble, acid-labile phosphate and was assumed to represent long-chain polyphosphate. To determine whether nucleic acids were dephosphorylated during the hot PCA extraction and thus contributed to the apparent value of polyphosphate, duplicate samples of the cold PCA pellet were dissolved in 0.5 N KOH for 2 hr at 37 C and brought to pH 2.5. After adsorption of nucleic acids from the pH 2.5 solution with charcoal, polyphosphate was precipitated with an excess of BaCl2, and the barium precipitate was hydrolyzed at 100 C in 1 N HCl and analyzed for orthophosphate. The polyphosphate content was the same as determined by either the barium precipitation or hot PCA extraction procedures.
The absorbancy at 260 nm of the hot PCA supernatant fraction was determined. The molar extinction coefficient at 260 nm of Nitrosomonas nucleic acids after 3 or 4 days of growth was found to be 11, 700 rvlcm-' on a per nucleotide basis, as determined from the nucleic acid phosphate content of the hot PCA supernatant fraction (the total phosphate content minus the polyphosphate content of the hot PCA supernatant fraction). This value of the molar extinction coefficient was used to calculate the nucleic acid phosphate content of the hot PCA supernatant fraction from cells taken at various days of growth.
The hot PCA precipitate was ashed, dissolved in 1 N HCl, boiled for 7 min, and analyzed for phosphorus. This hot PCA-stable residual phosphate was possibly phosphoprotein.
Because the phosphate content of all fractions was the same whether or not the initial cold PCA precipitate had been extracted successively with hot ethanol and ethanol-ether, this lipid extraction step of Harold (4) was omitted from the phosphate extractions reported here.
Lipid extraction. To determine the phosphate content of the lipid fraction, a 1-g sample of cells of Nitrosomonas was extracted with 25 ml of chloroformmethanol (2. 1) for 16 hr, the lipid layer was weighed and ashed, and the phosphate content was determined.
Chemical procedures. Protein (18) and nitrite (20) were assayed as described previously. Phosphorus was estimated colorimetrically (2 Preliminary results indicated that the increase solution. The growth proceduire and measuirements of in nitrite synthetic rate was not due to changes total phosphate (X), orthophosphate (0), and acid-in the enzyme content of Nitrosomonas during insoluble polyphosphate (0) were essentially the same as described in Fig. 1, except (10) , inhibition of biosynthetic activity would have resulted in an increased availability of reduced pyridine nucleotide or ATP and thus would have stimulated ammonia oxidation.
The pattern of polyphosphate accumulation during inefficient growth observed here with Nitrosomonas is consistent with the pattern of polyphosphate accumulation by Aerobacter during sulfur starvation (7) or by Neurospora during nitrogen starvation (4). Polyphosphate also accumulates in Saccharomyces (14) , Chlorobium (11), and M. lysodeikticus (3) late in the exponential phase of growth and sometimes breaks down in the stationary phase of growth. In the latter three cases, it would be interesting to know if a growth factor was in fact limiting and if growth was inefficient during the period of net polyphosphate synthesis. Consistent with that possibility, Hughes and Muhammed (12) reported that polyphosphate accumulation in C. xerosis was suppressed when the cells were growing rapidly. In contrast with the pattern observed with Saccharomyces (14), Chlorobium (11), and Micrococcus (3), polyphosphate did not appear to break down in Nitrosomonas in the stationary phase of growth.
Breakdown of polyphosphate in early growth. Several experiments were carried out to examine culture conditions which promoted the net decrease of polyphosphate per milligram of cells after inoculation of stationary-phase cells into fresh 15-liter culture solution. Six 1-liter Fernbach inoculum cultures were pooled, divided into six equal volumes, and used as inocula in one of six different 15-liter cultures. After 36 hr of incubation, the composition of each growth solution was modified to approximate the complete medium by the appropriate pH adjustment and addition of carbonate, ammonia, and trace elements. The polyphosphate, nitrite, and protein contents of the six cultures were determined during the 84 hr of incubation (Fig. 4 and ,umoles/100 mg of protein and a "variable" class which varied between 0 and 130 ,umoles/100 mg of protein or even higher, was synthesized particularly during inefficient growth at low pH values, and was hydrolyzed rapidly at high pH values. The "constant" and "variable" classes of acid-insoluble polyphosphate observed in Nitrosomonas might correspond metabolically to the two types seen in Saccharomyces (13, 14) , even though these two classes were not separable in our extraction procedure.
As shown in Fig. 4 , net polyphosphate synthesis took place after transfer into growth solution of pH 6.7 
